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Abstract 
Neutron imaging using low flux sources, such as accelerators or low flux nuclear reactors, produces 
images which contain significant amounts of noise. The noise indications are a result of high energy 
gamma radiation and some neutron scattering which hit the CCD detector despite heavy shielding. The 
amount of noise in an image is a factor of the exposure time required to produce images with adequate 
dynamic ranges. Minimization of noise and maximization of the dynamic range are inversely proportional 
and the exposure time is often extended to increase incident neutrons at the expense of noise. The 
resultant noise can be reduced using image filters; however, these filters usually increase the signal to 
noise ratio (SNR) at the expense of spatial resolution. Three filters were applied to low dose neutron 
images acquired at RMC; a median filter, a Z-projection filter and a hybrid PDE filter. The median filter 
and the hybrid PDE filter showed similar performance in 3D with regards to SNR and spatial resolution, 
however, the median filter created numerous artefacts in the resultant tomogram. The Z-projection filter 
using 5 projections had the best performance in 2D improving the SNR of the raw image from 10.2  
0.767 to 22.5 1.52 and the spatial resolution from 331  2.89 to 309  0.846, respectively. The Z-
projection filter was not evaluated in 3D due to facility induced constraints.  
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1. Introduction 
Neutron imaging with low flux reactors or performing specialized imaging techniques at higher flux 
facilities results in an image with a low neutron dose. This creates a narrow dynamic range in the 2D 
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images, which makes them difficult to use for non-destructive evaluations of materials or for neutron 
tomography. To increase the dynamic range, the exposure time can be extended, but the noise levels in 
the resultant images are increased. Noise indications are typically caused by high-energy gamma radiation 
and scattered neutrons hitting the CCD detector despite heavy shielding.  
The neutron imaging facility at the Royal Military College of Canada is installed on a SLOWPOKE-2 
nuclear research reactor operating at half power.  This imaging system, with a low thermal neutron flux of 
3 x104 at the image plane, produces images suffering from high noise levels [1]. Image noise 
can be reduced using various filtering algorithms, which can be applied after image acquisition. Several 
image filters including a standard median filter, z-projection median filter and a hybrid filter 
incorporating a 4th order partial differential equation (PDE) will be investigated. The signal-to-noise ratio 
(SNR) and the spatial resolution for each filter were assessed for two dimensional images as well as 3D 
tomograms.  
2. Filters 
The field of image filtering and noise reduction is large and there are numerous different image-
filtering algorithms that can be applied to improve image characteristics resulting from low dose neutron 
imaging. Three filters were chosen for evaluation in this paper. The first filter chosen is a standard median 
filter which examines the neighbourhood of pixels surrounding the pixel under investigation. A square 
matrix of user-defined size is placed over the image with the subject pixel at the centre of the matrix. The 
value of the subject pixel is replaced by the median value of all of the pixels in the matrix. This process 
continues to iterate until the entire image has been filtered. The median filter is a very common filter that 
is effective at eliminating white noise while not being computationally draining. The problem with this 
filter is that it often blurs features in an image and reduces the spatial resolution. However, this filter was 
chosen since it is employed widely in the imaging community including RMC and provides a baseline 
from which to compare other filtering algorithms. 
The second filter examined is a Z-projection median filter which requires multiple repetitive images 
using the same set-up. The multiple images are placed in an image stack and a median filter is used across 
the depth of the image stack. Since the 2D projections obtained for neutron imaging and tomography can 
be controlled and numerous projections easily obtained, this filter was examined. 
The third filter examined is a two-stage hybrid filter incorporating a 4th order PDE and relaxed median 
filter [2]. This filter is related to anisotropic diffusion filters [3]. Anisotropic diffusion filters are widely 
applied because they are effective at denoising images; however, they tend to cause blocky effects in the 
resultant images.  The filter used in this study uses a 4th order PDE in its first stage which is effective at 
smoothing areas with small gradients while areas with large gradients such as edges and noise remain 
undiffused.  This means the image structure is preserved and blocky effects are reduced. The first step of 
the process is accomplished by implementing the L2 curvature gradient flow method in Eqn 1 [4], where 
u is the image intensity, 2u is the Laplacian of the image, t is time and c is the diffusion coefficient. 
 
  (1) 
The diffusion coefficient is selected to incur backward diffusion around intensity transitions so edges are 
sharpened and to ensure forward diffusion in smooth areas to remove noise. The formula for the diffusion 
coefficient utilized in this study is found in Eqn 2 [3], where s is equal to and I is the pixel values in 
the original image and k is a constant which can be set manually.  In this study, k was set using the 
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absolute values of the gradient in the image, k was set to be 90% of the value of its integral at each 
iteration. 
  (2) 
The results of the first stage of the filter are subsequently used by the second stage, which incorporates 
a relaxed median filter [5]. The filter is adjusted using an upper and lower bound which effectively allows 
the median filter to act in noisy regions while locations with edges and other details remain unchanged.  
The relaxed median filter has an upper bound (ω) and a lower bound (α), which in this study is 
respectively a 5x5 and 3x3 median filter of the first stage output. The pixel under investigation is 
compared against the bounds and, if it meets the criteria, remains unfiltered. If the pixel is outside the user 
specified bounds, the pixel value is replaced by the median value of the lower bound. This can be 
represented using the formula below where Y(i,j) is the output of the relaxed median filter, X(i,j) is the 
input matrix from the raw image and W(i,j) is the median matrix of predetermined size which utilizes the 
output values from the 1st stage of the hybrid filter. 
 
  (3) 
As the number of iterations of the hybrid PDEfilter is increased, the nonlinear PDE continues to 
remove the low level noise and subsequently the relaxed median filter removes the impulsive noise spikes 
while preserving image structure. Initial trials were conducted and showed this filter showed the most 
potential for this specific application when compared to other potential filters and algorithms [6] [7]. The 
hybrid PDE filtering algorithm described above was implemented using MatLab.    
3. Evaluation Criteria 
After the filters were applied, the resultant images were examined using SNR and spatial resolution as 
evaluation criteria.  
 
3.1  Signal-to-Noise Ratio 
 
The signal-to-noise ratio (SNR) provides a measure of both the noise and contrast and is an important 
parameter for quantifying image quality. The SNR of a detail contained in an image can be defined as [8]: 
 
  (4) 
where 
is difference in grey scale level between the detail and the surrounding material,   
is the difference in variances between the signal of the detail and the surrounding material, 
is the expected value of the signal in the surrounding material, 
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is the expected value of the signal in the detail. 
is the variance in the signal of the surrounding material, and  
is the variance in the signal of the detail. 
 
These different values can be obtained using a homogenous test object containing a high contrast detail as 
illustrated in Figure 1. 
 
Figure 1: SNR Definition for Details 
3.2  Spatial Resolution 
Spatial resolution is the ability of a system to distinguish between two objects as they become smaller 
and closer together [9]. At some point, the two objects become so close that they appear as one and, at 
this point, spatial resolution is lost. In order to measure quantitatively the spatial resolution of an imaging 
system, there are two main methods that can be used; line pair gauges and the modulation transfer 
function (MTF).  For two dimensional neutron imaging, a test object designed by the Paul Scherer 
Institute (PSI) in Switzerland can be used to determine the approximate two-dimensional spatial 
resolution [10]. A 2D neutron image of the test object obtained as part of this study can be seen in Figure 
2 in section 4.2.  
Line pair gauges are very effective at providing a quick and approximate spatial resolution for an 
imaging system. For three-dimensional imaging, line pair gauges are seldom used due to their difficulty to 
manufacture and their inability to completely characterize the 3D spatial resolution of an imaging system. 
Instead, specially designed test objects or “phantoms” are imaged in 3D and the MTF is calculated by 
looking at details in the reconstruction. Numerous different methods for determining the spatial resolution 
of a 3D reconstruction have been proposed. It is important to note that the determination of spatial 
resolution for a topographic system changes with any alteration in system parameters. Furthermore, the 
spatial resolution for a computed tomography system can vary in the radial component as well as 
circumferentially.  
In medical computed tomography, phantom test modules are often used to determine the MTF by 
extracting the line spread function (LSF) from small details contained in the phantom [11]. Droege’s 
method, which relies on the measurement of the standard deviation of the pixel values within the image of 
bar patterns, is a very simple method to determine MTF [12]. However, it has limitations at spatial 
frequencies closer to the cut-off frequency. The Boone method is another method for determining MTF 
and is very effective when comparing characteristics of tomographic systems as well as during 
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commissioning since it can provide an absolute measurement [13]. Another advantage of the Boone 
method is that it is very resilient to noise which makes it ideal for high noise images similar to those 
produced by low flux neutron imaging. The Boone technique uses a test objet with has a very thin piece of 
high contrast foil tightly sandwiched between two blocks of low contrast material. The two pieces of low 
contrast material are designed so that the foil is positioned at an angle (ș). This angle results in an 
oversampled line spread function (LSF), which is done to provide necessary variations needed to 
accomplish sub-pixel sampling across the edge [14]. A test object designed for use with the Boone 
method was used for this study and is described in Section 4.2. 
4. Experimental Set-up 
4.1  Neutron Imaging System 
Neutron imaging was carried out at the Royal Military College of Canada (RMC) on a SLOWPOKE-2 
nuclear research reactor. This pool-type reactor has its reactor core submerged beneath 5.62 m of light 
water. The neutron beam tube has a vertical orientation and is located in the reactor pool. To perform 
neutron imaging, the bottom of the beam tube is coupled to the reactor core and a divergent neutron beam 
with an L/D of  approximately 100 is obtained. The exposure area at the top of the beam tube is 60 cm 
square and was designed to accommodate non-destructive investigations of aircraft flight control surfaces.  
The reactor is licensed to operate at half-power during neutron imaging and produces a thermal neutron 
flux of at the image plane. Neutrons exiting the beam tube strike a 0.1 mm thick, RC 
Tritec scintillation screen with a 2:1 mixture of ZnS/Li6F. The light produced by the scintillation screen is 
recorded on an Andor 436-DV back illuminated CCD camera which has 2046 x 2046 active pixels.  
Attached to the CCD camera is a Nikon Nikkor 135 mm F 2.0 lens which reduces the effective image 
area to 22.4 cm x 22.4 cm. Using the ISO 12233 standard for measuring the spatial resolution of an 
optical set-up, the optical spatial resolution of the neutron imaging system at RMC was determined to be 
140 microns (1.75 LP/mm). It is important to note that the axis of rotation for neutron tomography at 
RMC is horizontal due to the vertical orientation of the beam tube.    
 
4.2 Two Dimensional Neutron Imaging 
 
To determine the performance of the different filters in 2D, two test gauges were imaged; the PSI 
spatial resolution test object as well as a test object specifically manufactured for this study. The PSI 
gauge is made from a 100 mm diameter quartz wafer with a layer of gadolinium on it which has three 
patterns: a line pair gauge which ranges from 0.25 LP/mm to 20 LP/mm, a grid with orthogonal lines 
which measures distortion, and a Siemens star which measures resolution in microns. This PSI test object 
was strictly used to provide a quick indication of the approximate spatial resolution in the filtered images,  
because the difference in spatial resolution between the various filtered images was too small to use it as a 
decisive evaluation method. Instead, the MTF was obtained using the Boone test object. This test object 
was made from two ¾” thick Al-5083 blocks with a 25 micrometre thick piece of cadmium foil 
sandwiched between. The Al blocks were machined and polished so that the inner surface was on a five 
degree slant. This test object allowed the application of the Boone method to determine MTF using a thin 
high attenuating foil. The Boone test object was also used to determine the SNR in the images using the 
method outlined in section 3.1. For the evaluation of the filters, the same neutron image of the test objects 
(Figure 2) with an exposure time of 2 minutes was employed. The ASTM standards were included in the 
image for comparison purposes, but were not directly evaluated in the study. To determine filter 
parameters and performance, numerous individual estimations of each value were determined and the 
mean average was calculated for comparison. For example, to determine SNR for a filtered image, a line 
4 2 13 10x n cm s− −⋅ ⋅
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profile was obtained at different points in the test object and an average of the values was obtained.  
 
Figure 2: Unfiltered Image of Test Objects for 2D Analysis 
4.3 Three Dimensional Neutron Tomography 
 
The Boone test object described in Section 4.2 was also used to evaluate the ability of the various 
filters for use in 3D neutron tomography. The test object was positioned in a specialized clamping 
mechanism designed for use in the RMC tomography instrument [15]. A tomogram of the test object was 
obtained by acquiring 451 projections as the object rotated through 1800. Each projection was 2 minutes 
in duration and the individual projections were combined into an image stack. The filters were then 
applied to the image stack prior to reconstruction. Performing filtering prior to reconstruction is essential 
at RMC since the noise in the projections is severe which causes significant reconstruction artefacts if not 
completed prior to reconstruction. The filtered stacks were then placed into Octopus reconstruction 
software and axial slices of the test object were obtained. Figure 3 depicts an axial slice of the Boone test 
object positioned in the specialized clamping mechanism. The SNR and spatial resolution of the axial 
slices were determined using numerous different axial slices from different locations along the z-axis of 
the test object. 
 
 
Figure 3: Reconstructed Axial Slice of the Test Object 
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5.0  Results 
 
Before comparing the filters against one another, a few internal filter parameters had to be examined. 
The size of the median filter affects the degree of noise filtering, since the bigger the matrix, the more 
noise is filtered and the greater the loss in spatial resolution. The matrix radius is used to measure its size, 
which refers to the number of pixels on either side of the one under investigation. Therefore, radius 2 
refers to a 5x5 matrix, keeping in mind that the size of the square matrix is always an odd number. As 
seen in Figure 4 (a), the spatial resolution for the median filter is at a minimum when the radius of the 
filter is 1. However, the SNR is very poor at this radius and visually the image is very noisy. In this study, 
a SNR ratio of 20 was selected as a minimum requirement. To meet this specification, a radius of 3 or 
greater must be utilized. Therefore, a radius of 3 for the median filter was selected for this study. A 
similar situation arises with the hybrid PDE filter. A minimum spatial resolution is achieved after one 
iteration, but the SNR is not greater than 20 until 3 iterations. Therefore, 3 iterations of the hybrid PDE 
were used for comparison in this study. The plot of resolution versus number of projections for the Z-
projection filter can be seen in Figure 4(c). The plot follows the trend of a decaying exponential curve 
which plateaus near 5 projections. Past 5 projections, the spatial resolution improves very minimally. 
Furthermore, the SNR when the numbers of projections are 4 or less is below 20, which is unacceptable.  
Therefore, the Z-projection filter utilizes 5 projections in this study. 
 
 
Using the filter parameters above, the filters were applied to the 2D raw image shown in Figure 2. The 
performance results are shown in Table 1 
Figure 4: Spatial Resolution Plots for Filters 
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Table 1: Evaluation of Filter Performance in 2D 
Filter Spatial Resolution 
(μm) 
Signal to Noise Ratio (SNR) 
Raw Iimage 331  2.89 10.2  0.767 
Median  (Radius of 3) 332  1.21 20.2  0.100 
Hybrid PDE (3 Iterations) 316  1.66 21.1  0.751 
Z-Projection (5 Projections) 309  0.846 22.5 1.52 
 
Examining Table 1, it is evident that all of the filters improve the SNR in the image, which is 
expected. However, the degree of filtering required to improve the SNR above 20 results in only a limited 
change in spatial resoution for all the filters when compared to the raw image. The spatial resoultion of 
the hybrid PDE and Z-projection filters improves as a result of filtering. The hybrid PDE filter has a 
better SNR and spatial resolution compared to the median filter. However, the best filter for 2D imaging 
is the Z-projection filter which produces a  spatial resolution of 309  0.846 μm and a SNR of  22.5
1.52 for the 2D RMC neutron imaging system.  
When comparing the image filters for use with the RMC tomography instrument, a further restriction 
was enforced; one tomographic aquisition can not take longer than 24 hours to aquire. This situation is 
due to several reasons including availabilty and depletion of resources which includes the accelerated loss 
of excess reactivity resulting from prolonged reactor useage. Since each projection has an exposure time 
of 2 minutes and the CCD camera requires 70 seconds for read-out, it takes approximately 24 hours to 
aquire a tomogram using a sampling frequency of 0.4 degrees and resulting in 451 projections through 
1800 of rotation. Due to this restriction, the Z-projection filter can not be utilized for tomography since it 
requires 5 projections at each step which would significantly increase the aquisition time required. The 
median and hybrid PDE filters were applied to the same tomography data set and the results are shown in 
Table 2. 
The median (radius 3) and hybrid PDE (3 iterations) filters both had similar performance for 3D low 
dose neutorn tomography at RMC. The SNR of the hybrid PDE was 12.5  0.834 and the spatial 
resolutin was 1281  18.84. Both values were slightly superior to the values obtained using the median 
filter. Furthermore, qualitatively speaking, the tomogram resulting from the hybrid PDE filter had less 
ring artefacts and other inclusions compared to the median filter. No value for the non-filtered data was 
cited in Table 2 due to problems caused by the large degree of noise in the 2D projections. The high noise 
content did not allow the reconstrutor to obtain a representative tomogram for evaluation 
Table 2: Evaluation of Filter Performance in 3D 
Filter Spatial Resolution 
(μm) 
Signal to Noise Ratio (SNR) 
Median (Radius 3) 1286  33.31 11.4  1.58 
Hybrid  PDE (3 Iterations) 1281  18.84 12.5  0.834 
 
6.0 Discussion 
 
All of the filters examined were effective at improving the SNR in the 2D images produced at RMC. 
Qualitatively, the image quality was significantly improved by removing the high levels of white noise, 
which improved detail detectability in the images. The spatial resolution of the hybrid PDE filter was 
better compared to the median filter, due to the PDE portion of the hybrid algorithm, which does not 
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affect areas with large gradients such as locations containing lines and details. The best SNR and spatial 
resolution in 2D resulted from the Z-projection filter using 5 projections, albeit by a small margin 
considering their uncertainties. As the number of projections of the same image increases, it becomes 
easier to isolate the white noise and filter it out. Neutron imaging at RMC creates images with a low 
neutron dose, the increased number of projections effectively increases the neutron dose by taking several 
samples.  
In 3D imaging, the length of the tomographic acquisition is a determining factor when examining 
potential filters. The Z-projection filter, which had the best performance in 2D, cannot be used for 3D 
because it would increase acquisition time fivefold. This approach is not practical when a 451 projection 
tomograph already requires 24 hours to compete. Therefore, the median and hybrid PDE filters were 
compared. The value of the spatial resolution for the two filters was the same within their uncertainties. 
The SNR could be considered slightly better for the hybrid PDE filter. The negligible difference between 
the performances of the two filters is a result of the narrow dynamic range between the detail and the 
surrounding material. Increasing the dynamic range would most likely increase the performance 
difference between the median and hybrid PDE filter, making the hybrid more attractive.  However, the 
only way to increase dynamic range using a single projection without increasing reactor flux is to increase 
exposure time. This would come at a trade-off as increased exposure time would increase noise. Other 
filtering algorithms could be investigated for low does 3D neutron imaging; however, any potential 
improvement in performance would be negligible due to the narrow dynamic range.  
 
6.0 Conclusion 
 
Low dose neutron imaging at RMC requires that image filters be used to increase SNR, improve 
spatial resolution and remove noise. A Z-projection filter with 5 projections will be the filter used for all 
future 2D neutron acquisitions at RMC as it provides the best chance for good SNR and spatial resolution. 
The hybrid PDE filter will be applied before reconstruction to all tomography data sets obtained at RMC 
since a filter is required. The hybrid PDE provides slightly better performance of the two filters examined 
and produces less artefacts in the resultant tomogram. Since dynamic range is directly proportional to 
reactor flux, RMC has requested that its regulating body allow neutron imaging at RMC at higher power. 
This enhancement will increase the neutron flux, which will increase the dynamic range and improve 
image statistics as well as the performance of the filtering algorithms. 
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